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Description 

Converging Error- Recovery for 
Multi-Bit-Incrementing Gray Code 

Background of Invention 

[0001] This invention relates to error recovery, and more particu- 
larly to multi-bit error recovery for gray-code-encoded bit 
streams. 

[0002] Electronic systems often use binary codes to represent 

values. However, binary sequences can have adjacent val- 
ues that have more than one bit that changes. For exam- 
ple, when incrementing from binary 0111, the next binary 
value is 1000. All four bits change at about the same time. 
This can result in errors in a receiver. 

[0003] Gray codes are often used to avoid the multi-bit changes 
that occur in binary codes. The number of bits that 
change in adjacent gray-code values (the hamming dis- 
tance) is one. For example, the next value after gray-code 
0111 is 1111. Only one bit changes at a time, reducing 
the likelihood of errors during transmission. 



[0004] In some applications using gray code, tlie value can jump 
by more than one. Figures lA-B show a gray-code appli- 
cation with multiple bits changing between samples. In Fig 
lA, transmitter 70 outputs a gray-code sequence onto a 
communication line to receiver 72. The gray-code value 
may be converted to serial data and encoded in a variety 
of ways on the physical communication line, but at some 
layer in transmitter 70 and in receiver 72 the data is rep- 
resented as a parallel data word in a gray code sequence. 

[0005] Different clock domains are used by transmitter 70 and by 
receiver 72. Transmitter 70 operates with a clock that is 5 
times faster than the receive clock, and can be asyn- 
chronous. Gray-coded values are advanced in transmitter 
70 five times faster than the received values are sampled 
by receiver 72. Also, transmitter 70 can advance by 2 
rather than just by 1 value in the gray-code sequence. 

[0006] Fig. IB shows gray-code values transmitted and received 
with an error. Transmitter 70 is allowed to change more 
than one bit in the gray code at a time. In general, N bits 
of the L-bit gray-coded value can change per transmis- 
sion, so the value can change by 2^-1 per transmission. A 
standard increment-only gray code has N=l, but in this 
example N=2. The sequence of values for a 4-bit (L=4) 



gray code is shown on the left column. This Is a reflected 
gray code, since the lower 2 bits In each group of 4 values 
are reflected between the adjacent groups of four values. 
[0007] Both the transmitter and receiver start out with a gray- 
code value of 0000. The transmitter advances Its output 
value by 2 for several transmit clocks, outputting 0000, 
then 0011 on the next transmitter clock, then 0110, then 
0101, then 1100, and finally 1111, as shown In the sec- 
ond column. This occurs over 5 periods of the transmit- 
ter's clock. 

[0008] The clock for receiver 72 Is 5 times slower than the clock 
for transmitter 70. After the Initial value of 0000 Is sam- 
pled by receiver 72, the next input value is not sampled 
until 5 transmitter clocks later, when the transmitted 
value has advanced to 1111. The transmitter changes Its 
output from 1100 to 1111 at about the time the receiver 
samples the communications line. Since the lower 2 bits 
are changing during the sampling time, the value sampled 
by the receiver Is IIXX, as the exact value of the lower 2 
bits depends on the exact relative timing to the receiver's 
sample-clock edge. 

[0009] The value sampled by the receiver, IIXX, could be 1100 Is 
sampled early, or 1111 if sampled late, or 1101 or 1110 is 



sampled as the 2 lower bits are changing. Metastability 
could occur in the lower bits, making the value sampled 
variable. If the receiver samples 1100, 1110, or 1111, the 
sequencing logic on receiver 72 can probably later re- 
ceiver, since these gray-code values are less that or equal 
to the transmitted value of 1111. 

[0010] However, if receiver 72 samples 1110, a fatal error can 
occur in logic in receiver 72. The value 1110 is after the 
transmitted value 1111 in the gray-code sequence. If the 
gray-code value is a pointer to a memory location in re- 
ceiver 72, the wrong memory location would be accessed 
and unknown data could be read. 

[0011] A handshake signal could be passed between transmitter 
70 and receiver 72 to ensure stable data before sampling, 
but this can add delays and reduce performance. Other 
examples and applications may have similar problems. 

[0012] What is desired is a receiver that corrects errors in a re- 
ceived gray-code sequence. An error-corrector for gray- 
code values that have multiple bits changing at a time is 
desirable. An error corrector that converges over time to 

the correct value is desired. 
Brief Description of Drawings 

[0013] Figures lA-B show a gray-code application with multiple 



bits changing between samples. 
[0014] Figure 2 is an overall block diagram of a gray-code error 
corrector. 

[0015] Figure 3 shows comparators and lower-bit generation 
logic in more detail. 

[0016] Figures 4A-B show a flowchart of error correction per- 
formed by the logic of Fig. 3. 

[0017] Figures 5A-C shows an example of correction of errors in 

gray code values. 
Detailed Description 

[0018] The present invention relates to an improvement in gray- 
code error correctors. The following description is pre- 
sented to enable one of ordinary skill in the art to make 
and use the invention as provided in the context of a par- 
ticular application and its requirements. Various modifica- 
tions to the preferred embodiment will be apparent to 
those with skill in the art, and the general principles de- 
fined herein may be applied to other embodiments. 
Therefore, the present invention is not intended to be 
limited to the particular embodiments shown and de- 
scribed, but is to be accorded the widest scope consistent 
with the principles and novel features herein disclosed. 

[0019] Figure 2 is an overall block diagram of a gray-code error 



corrector. An L-bit gray-code value is received as the raw 
value. The gray-code values can only increase, except 
when wrapping around. Rather than increment by just 1, N 
bits of the L bits can change with each new value input. 
For example, when N=2, two bits can change in the next 

N 

gray-code value. The value can change by up to 2 -1. 
Each new value can change by 0, 1, 2, or 3 in this exam- 
ple. 

[0020] The L-bit input is divided into two parts. The N least- 
significant-bits (LSB) can all change with each new value 
received and are designated the received LSB, R_LSB. The 
upper L-N bits are the received most-significant-bits, 
R_MSB. Bits N-1...0 are the R_LSB, while bits L-1...N are 
the R_MSB. 

[0021] In the gray-code sequence, no more than one of the up- 
per L-N bits can change at a time. Thus the upper bits are 
less prone to errors. The upper L-N bits are stored as the 
stored MSB, S_MSB in memory 21 and output directly to 
downstream logic in the receiver. 

[0022] The lower bits R_LSB are processed further for error cor- 
rection. Lower bit control logic 14 can compare values of 
the stored and received MSB's and LSB's to determine what 
function to perform to generate the lower bits. Mux 10 



receives the received LSB, R_LSB, and can pass tliese 
througli to become the outputted and stored LSB, S_LSB 
when no changes occur in the IVISB. 

[0023] When lower-bit control logic detects a mismatch between 
R_MSB and S_MSB, the MSB has changed in the new raw 
value. Then the stored and received LSB's are examined. 
New lower bits are generated by lower-bit generation 
logic 12 and passed through mux 10 to become the out- 
putted and stored LSB, S_LSB. The generated LSB bits from 
lower-bit generation logic 12 are used rather than the re- 
ceived LSB, R_LSB. Thus errors in R_LSB can be corrected. 

[0024] Lower-bit generation logic 12 generates the LSB's such 

that the lowest possible value of the overall stored value is 
generated. In binary this would be simple, since the LSB's 
could be set to all zeros. However, for gray-code, the 
lowest value is not necessarily all zeros. For example, 
when L=2 and N=2 and the MSB is 01, the lowest LSB is 
10 not 00, since 0100 is larger than 0110 in the gray- 
code sequence shown in Fig. IB. 

[0025] Figure 3 shows comparators and lower-bit generation 

logic in more detail. Each new gray-code value is received 
over a communication line or other media and is stored in 
received register 30. Serial communication data may be 



converted to parallel and physical-transmission framing 
may be removed by a front-end of the receiver before 
data is loaded into received register 30. 
[0026] Received register 30 contains the L-bit gray-code value 
divided into two halves. The lower N bits are the received 
LSB, R_LSB, while the upper L-M bits are R_MSB. The cor- 
rected gray-code value is stored in stored register 20 and 
can be output to downstream logic in the receiver for fur- 
ther processing. The corrected value in stored register 20 
is also divided into two halves. The lower N bits are the 
stored LSB, S_LSB, while the upper L-M bits are stored 
MSB, S_MSB. 

[0027] When a new value is received into received register 30, 

comparisons are made between the stored value in stored 
register 20 and the newly-received value in received reg- 
ister 30. MSB comparator 22 compares the MSB's from re- 
ceived register 30 (R_MSB) to S_MSB from stored register 
20 to determine when the new MSB has changed. 

[0028] When MSB comparator 22 determines that the MSB has not 
changed, full comparator 24 can compare all L bits in re- 
ceived register 30 to those in stored register 20. Searcher 
26 can compare the received LSB from received register 
30 to the stored LSB from stored register 20 to find the 



bit-position of the leading (most-significant) bit tliat dif- 
fers among tlie LSBs. Tiiis position is l<nown as bit M and 
its position is sent to function generator 28. Function 
generator 28 generates tlie lowest M bits of the LSB and 
writes these to the stored LSB, S_LSB, in stored register 
20. 

[0029] When MSB comparator 22 determines that the MSB has 
changed, the received MSB can be copied from received 
register 30 to stored register 20. Function generator 28 
generates the new LSB to make the stored value in stored 
register 20 the smallest possible value. The generated LSB 
from function generator 28 is written to S_LSB in stored 
register 20. 

[0030] Figures 4A-B show a flowchart of error correction per- 
formed by the logic of Fig. 3. A new gray-code value is 
received, step 40, and divided into two parts: R_MSB and 
R_LSB. The received and stored MSB's are compared, step 
44. When the MSB's differ, step 46, then the received value 
has advanced enough that the MSB has been incremented. 
To mask any error in the LSB, the generated LSB G_LSB is 
generated so that the overall combination of the received 
MSB and generated LSB, R_MSB:G_LSB, is the smallest pos- 
sible value in the gray-code sequence, step 52. The new 



MSB is copied to tlie stored l\/ISB and tlie generated LSB is 
copied to the stored LSB, step 54. 

[0031] On the next receive-clocic, step 42, the process can be re- 
peated. This allows the stored value to be adjusted a sec- 
ond time when the received value, step 40, does not 
change. The stored value can then converge to the cor- 
rect, error-free value over several clock cycles by repeat- 
ing the flow of Figs 4A-B several times. 

[0032] When the stored and received MSB's are equal, step 46, a 
full compare of all L bits of the received and stored values 
is performed, step 48. When the received value 
R_MSB:R_LSB is the same or smaller than the stored value 
S_MSB:S_LSB, step 50, then the stored value does not 
change, step 56. 

[0033] When the received value R_MSB:R_LSB is the larger than 

the stored value S_MSB:S_LSB, step 50, then the process of 
Fig 4B is performed. A search is performed for the first 
differing bit in the LSB's, starting from bit N-1 down to bit 
0, step 60. The position of the most-significant differing 
bit between S_LSB and R_LSB is position M. 

[0034] The lowest M bits of the LSB are generated as 

C_LSB(M-1...0), step 62. These M bits are generated so 
that the overall combination of the received MSB and up- 



per N-M bits of the received LSB, and tlie M generated LSB 
bits, R_IS/ISB:R_LSB(N-1...IVI): G_LSB(IVI-1...0), are the lowest 
possible value in the gray-code sequence. The received 
MSB R_MSB is copied to stored register 20 as S_I\/ISB, while 
the stored LSB S_LSB is the combination of the upper N-M 
bits of the LSB that are identical in stored register 20 and 
in received register 30, and the lowest M generated bits 
C_LSB(M-1...0), step 64. 

[0035] The procedure can repeat after the next receive-clock, 

step 42 of Fig. 4A. Convergence toward the correct, error- 
free result can over several clock periods and passes 
through the process steps of Figs. 4A-B. For example, the 
position of bit M can shift to the right by one or more bit- 
positions for each pass until bit zero is reached and no 
more adjustments are needed. 

[0036] Figures 5A-C shows an example of correction of errors in 
gray code values. IN this example the transmitter is al- 
lowed to change 2 bits per transmitter clock (N=2). The 
transmitter's first value, 0000, is received by the receiver 
as R_MSB:R_LSB and stored as S_MSB:S_LSB. Since N=2, 
the LSB portion has 2 bits, and the remaining 2 bits are 
the MSB. 

[0037] The transmitter's clock is 5 times faster than the receiver's 



clock. The transmitter outputs the sequence 0000, 0011, 
0110, 0101, 1100, and 1111 over the next 5 clocks. The 
next receive clock occurs near the fifth transmitter clock, 
when the transmitter changes its output from 1100 to 
1111. The received value IIXX can be any of the 4 values 
1100, 1101, 1110, or 1111. 

[0038] jhe MSB comparator compares the received MSB to the 

stored MSB. The stored MSB, S_MSB, is 00. The transmitter 
changed from 1100 to 1111, so the transmitted MSB is 11 
for either transmitter-clock cycle. Since the MSB is the 
same, no error can occur in the MSB portion. Thus the re- 
ceived MSB, R_MSB, is 11. 

[0039] Since the newly-received MSB is not equal to the stored 
MSB, the newly-received MSB is copied to stored register 
20 as S_MSB. The generated LSB, G_LSB, is such that the 
smallest value of R_MSB:G_LSB is produced. Since R_MSB is 
11, G_LSB is 00, since 1100 is smaller than 1101, 1111, 
or 1110 in the gray-code sequence. The generated LSB, 
G_LSB, is stored in stored register 20 as S_LSB. 

[0040] In Fig. 5B, the transmitted value changes by only one, 

from 1111 to 1110 before the next receiver clock. The re- 
ceiver samples the received MSB as 11, which matches the 
stored MSB, S_MSB. The entire L bits of the received value 



are then compared to the L-bits in stored register 20, and 
it is determined that the received L-bit word is larger than 
the stored L-bit word. The process of Fig. 4B is executed 
to search for the first mis-matching bit in the LSB, which 
is bit M=l, the second bit-position. 
[0041] The received IVISB is copied to stored register 20, and bit 
M (and none above) of R_LSB is copied to stored register 
20. The lower M bits (only bit 0) of the LSB is generated to 
produce the smallest value of R_MSB:R_LSB(N-1...M): 
G_LSB(M-1...0). The upper L-M bits are 111, and 1110 is 
larger than 1111 in the gray-code sequence, so bit 0 of 
G_LSB is generated as 1 and stored. The stored value is 
thus 1111. This still does not match the received value 
from the transmitter, but it can be corrected over then 
next clock. 

[0042] In Fig. 5C, the transmitted value has not changed. At the 
next receive clock, the receiver again samples 1110, as in 
Fig. 5B, and stores 11 as R_MSB and 10 as R_LSB. The re- 
ceived MSB matches the stored MSB, S_MSB. The entire L 
bits of the received value are then compared to the L-bits 
in stored register 20, and it is determined that the re- 
ceived L-bit word (1110) is larger than the stored L-bit 
word (1111). The process of Fig. 4B is executed to search 



for the first mis- matching bit in the LSB, which is bit 1\/I=0, 
the lowest bit-position. 

[0043] The received MSB is copied to stored register 20, and bit 
M and above (bits 1, 0) of R_LSB are copied to stored reg- 
ister 20. Since M=0, there are no lower bits to generate. 
The stored value is thus 1110. This now matches the re- 
ceived value from the transmitter, so no further correc- 
tions are needed in then next clock, unless the transmit- 
ted value changes again. 

[0044] Convergence occurs in no more than N-1 extra clock pe- 
riods. For this example of N=2, convergence occurred in 
the 2 receive-clock periods of Figs. 5B-C once the trans- 
mitted value stabilized. 

[0045] ALTERNATE EMBODIMENTS 

[0046] Several other embodiments are contemplated by the in- 
ventors. For example additional logic can be added for 
various functions and purposes. Pipeline registers can be 
added at various locations for data pipelining. The lower- 
bit generation logic, comparators, bit searchers, etc. could 
be implemented as hardwired logic gates or array logic, as 
a programmable logic array, a microcontroller, firmware, 
software, or some combination. Rather than searching for 
mis-matching bits, the search function could be imple- 



mented as a table look-up. Other functions could also be 
performed using a logic table. 

[0047] Rather than increasing gray-code values, a sequence of 
decreasing gray-code values could be substituted. The 
low bits are generated to produce the largest value for 
decreasing sequences. An inverse of the gray code se- 
quence, or a gray code sequence with inverted bits could 
be substituted. Various modifications to the gray code se- 
quence could also be made. High-order bits could be 
changed or reflected in different ways. The clock rates of 
the transmitter and receiver could have different ratios 
than the example shown herein. Some applications may 
use a parallel or partially-parallel communications line, 
and the communications line could be internal to a larger 
chip. Bits of the received codeword could be received in 
various orders rather than have the LSB received last. 
Padding and framing bits may be transmitted but removed 
before the received codeword is presented to the lower- 
bit generation logic. Encoding schemes such as NRZ may 
be used to transmit the gray-code words. 

[0048] While a 4-bit gray code has been shown in the examples, 
larger code words can be used, such as 8-bit, 20-bit, etc. 
The number of bits that can change, N, is usually a whole 



number greater than one, and could be much larger, such 
as 4 bits to allow a change to 16 possible values. L, M, 
and N are whole numbers. The physical media and other 
stages may use a faster or slower clock than the transmit 
and receive clocks. The rising or falling edge of the clock 
may signal the clock change, or a pulse may be used. 
[0049] Any advantages and benefits described may not apply to 
all embodiments of the invention. When the word "means" 
is recited in a claim element. Applicant intends for the 
claim element to fall under 35 USC Sect. 112, paragraph 
6. Often a label of one or more words precedes the word 
"means". The word or words preceding the word "means" 
is a label intended to ease referencing of claims elements 
and is not intended to convey a structural limitation. Such 
means-plus-function claims are intended to cover not 
only the structures described herein for performing the 
function and their structural equivalents, but also equiva- 
lent structures. For example, although a nail and a screw 
have different structures, they are equivalent structures 
since they both perform the function of fastening. Claims 
that do not use the word "means" are not intended to fall 
under 35 USC Sect. 112, paragraph 6. Signals are typically 
electronic signals, but may be optical signals such as can 



be carried over a fiber optic line. 
[0050] The foregoing description of tlie embodiments of the in- 
vention lias been presented for tlie purposes of illustra- 
tion and description. It is not intended to be exhaustive or 
to limit the invention to the precise form disclosed. Many 
modifications and variations are possible in light of the 
above teaching. It is intended that the scope of the inven- 
tion be limited not by this detailed description, but rather 
by the claims appended hereto. 



